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Abstract

Today’s architecture can be best understood only through the recognition of pluralism, and, as is true of other building types,
multiple design directions are prevalent for tall buildings. This contemporary design trend has produced many complex-shaped
tall buildings, such as twisted, tilted and tapered form towers. Among many different structural systems developed for tall
buildings, the outrigger system, with its inherent structural efficiency and flexibility in fagade design, is widely used for
contemporary tall buildings. This paper studies structural performance of outrigger systems employed for complex-shaped tall
buildings. Twisted, tilted and tapered tall buildings are designed with outrigger structures, and their structural performance is
investigated. For the twisted outrigger study, the buildings are twisted up to 3 degrees per floor. In the tilted outrigger study,
the angles of tilting range from 0 to 13 degrees. The impact of eccentricity is investigated for gravity as well as lateral loads
in tilted towers. In the study of tapered outrigger structures, the angles of tapering range from 0 to 3 degrees. Parametric
structural models are generated using appropriate computer programs for these studies, and the models are exported to structural

engineering software for design and analyses.
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1. Introduction

Today’s pluralism in architecture has produced tall buil-
dings of not only conventional prismatic forms but also
more complex forms such as twisted, tilted and tapered
forms. With its inherent structural efficiency and greater
flexibility in facade design compared with perimeter tube
type structures, the outrigger system is among the most
widely used structural systems for today’s tall buildings.
The system was developed in the mid-twentieth century
for tall buildings of prismatic forms. Today, with prevalent
emergence of complex-shaped tall buildings, outrigger
systems are often employed for the structural design of
these complex-shaped tall buildings. Examples include
the outrigger structures used for the twisted Chicago Spire
project in Chicago and tilted Signature Towers project in
Dubai designed by Santiago Calatrava and Zaha Hadid,
respectively.

This paper investigates structural performance of outri-
gger systems employed for twisted, tilted and tapered tall
buildings. Compared with shear wall type structures con-
fined within the building core, outrigger structures carry
wind-induced overturning moments much more efficiently
with greater structural depth by connecting perimeter mega-
columns to stiff building cores through outrigger trusses.
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The outrigger system’s lateral load carrying mechanism is
conceptually explained in Fig. 1. The overturning moment
(Mo) caused by wind loads (W) is reduced due to the
counteracting moment (Mc) provided by the mega-columns
connected to the building core through the outrigger trus-
ses. The counteracting moment can be expressed as

M,=2b"AEy

A is sectional area of mega-columns; £ is modulus of
elasticity of steel, assuming steel is used; y is curvature.
Since the modulus of elasticity of steel is almost constant
regardless of its strength, the outrigger’s bending rigidity
is a function of the square of the building width and sec-
tional area of the mega-columns.

In order to illustrate the concepts underlying the struc-
tural behavior of twisted, tilted and tapered tall buildings
of outrigger systems, parametric structural models are ge-
nerated using appropriate computer programs such as
Rhino/Grasshopper to investigate the impact of varying
rates of twist, angles of tilt and angles of taper. The models
are exported to structural engineering software, SAP 2000,
for design, analyses and comparative studies.

2. Twisted Outrigger Structures

Employing twisted forms for tall buildings is a recent
architectural phenomenon, as are the cases with the Shang-
hai Tower in Shanghai designed by Gensler, Infinity Tower
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Figure 1. Lateral load carrying mechanism of outrigger structural system.

in Dubai by SOM, and Chicago Spire project in Chicago
by Calatrava. While structures of rectangular box forms
are very common and have been one of the most exten-
sively researched subjects, structures of twisted forms are
relatively rare and have not been investigated much.
Design studies on twisted outrigger structures are carried
out with 60-story buildings. A non-twisted straight outri-
gger structure is designed first. The building’s typical plan
dimensions are 36x36 meters with an 18x18-meter braced
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core at the center and typical story heights of 3.9 meters.
The outrigger trusses are located at the top and mid-height
of the tower. There are 8 perimeter mega-columns connec-
ted to the steel braced core through the outrigger trusses
as can be seen in Fig. 2. The SEI/ASCE Minimum Design
Loads for Buildings and Other Structures is used to esta-
blish the wind load. The structures are assumed to be in
Chicago. Based on the code, the basic wind speed is 40.2
meters per second (90 miles per hour).

Outrigger Trusses

Braced

Core = Mega-Columns

Gravity Columns

Figure 2. Laterally deformed section and simplified plan of the 60-story outrigger structure.
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In terms of the geometric configuration of twisted out-
rigger structures, two cases are studied comparatively. The
first case uses spirally slanted perimeter mega-columns in
response to the twisted building form. In this case, the
location of the mega-columns gradually changes along
the building height. The second case uses vertical mega-
columns, set back from the building perimeter, and canti-
levered floor slabs from the column lines. Even if the ori-
ginal structural concept of the outrigger system is main-
tained in this case, the structural depth against lateral loads
is reduced by setting back the mega-columns from the
extreme building perimeter.

Structural design of tall buildings is generally governed
by lateral stiffness rather than strength (Connor, 2003; Ali
& Moon, 2007). Member sizes for the non-twisted straight
outrigger structure are generated first to satisfy the maxi-
mum lateral displacement requirement of a five hundredth
of the building height at the top. In order to comparatively
estimate the structural effectiveness of outrigger structures
employed for twisted towers, the member sizes used for
the straight outrigger tower are also used for twisted ones.
Thus, each structure was designed with very similar amo-
unt of structural materials.

The optimal lateral stiffness distribution between the
braced core and the perimeter mega-columns was investi-
gated through many design studies of outrigger tall build-
ings with the depth of the braced core of 18 meters and
the distance between the opposite side mega-columns of
36 meters. Based on the study results, it was determined
to distribute 40% of the lateral bending stiffness to the
braced core structure, and 60%, to the perimeter mega-
columns (Moon, 2014). Lateral shear stiffness is provided
entirely by the braced cores.

2.1. Twisted outrigger structures with spirally slanted
perimeter mega-columns

The 60-story outrigger structure is twisted with two dif-
ferent rates. The first case twists the tower by 1.5 degrees
per floor, which results in a total turn of 90 degrees. The
mega-columns on the building perimeter wrap around the
building spirally. Therefore, the position of the mega-
columns on the flange planes (i.e., planes perpendicular
to wind) at the base changes to those on the web planes
(i.e., planes parallel to wind) at the top. And the position
of the mega-columns on the web planes at the base chan-
ges to those on the flange planes at the top. The second
case twists the tower by 3 degrees per floor, which results
in a total turn of 180 degrees. In this case, the position of
the mega-columns on the flange planes at the base chan-
ges to those on the web planes at mid-height, and finally
to those on the opposite flange planes at the top as can be
seen in Fig. 3.

Fig. 4 summarizes deformed shapes of the outrigger
structures shown in Figs. 2 and 3, as well as the case with
setback vertical mega-columns and inset outriggers (Fig.
7) which will be discussed in the following section. As
can be seen from the figure, the lateral stiffness of the
outrigger structures is reduced and the stiffness reduction
rate is accelerated as the rate of twist is increased. In both
the straight outrigger and the twisted outrigger with a rate
of twist of 1.5 degrees per floor, curvature reversals
clearly occur around the outrigger truss levels. However,
in the case with a rate of twist of 3 degrees per floor, it
is difficult to see the curvature reversals. The case with
the rate of twist of 3 degrees per floor behaves more like
a cantilever beam without outriggers in general, compared
with typical outrigger structures in which curvature rever-

Figure 3. 60-story outrigger structures with 1.5- and 3-degree turn per floor.
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Figure 4. Deformed shapes of the twisted 60-story outrig-
ger structures subjected to wind loads.

sals occur.

Similar studies are conducted with 90-story outrigger
structures with outrigger trusses located at the top as well
as one-third and two-third heights of the building. The
building’s height-to-width aspect ratio is 9.8. A non-twis-
ted straight 90-story outrigger building is studied first,
and then the tower is twisted with two different rates. The
first case twists the tower by 1.5 degrees per floor, which
results in a total turn of 135 degrees. The second case
twists the tower by 3 degrees per floor, which results in
a total turn of 270 degrees. Study results are similar to
those obtained from the 60-story twisted outrigger towers.
Fig. 5 shows deformed shapes of the straight and two twi-
sted 90-story outrigger structures, as well as the case with
setback vertical mega-columns and inset outriggers which
will be discussed in the following section.

Fig. 6 summarizes the maximum lateral displacements
of the 60- and 90-story outrigger structures studied in this
section. The lateral stiffness of the outrigger structures is
reduced and the stiffness reduction rate is accelerated as
the rate of twist is increased. As the height of the struc-
ture is increased, the rate of the stiffness reduction caused
by twisting the tower is also accelerated.

2.2. Outrigger structures with setback vertical mega-
columns

The next case studied is the lateral performance of the
60-story twisted outrigger structure with setback vertical
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Figure 5. Deformed shapes of the twisted 90-story outrig-
ger structures subjected to wind loads.

mega-columns. Compared with the straight tower case,
the vertical mega-columns are located about 1.5 meter set
back from the building perimeter. Consequently, the struc-
tural depth of the building against wind loads is reduced
by about 3 meters, and the maximum lateral displacement
is increased by about 3 cm compared with the original case
of the straight tower with the perimeter mega-columns.
However, this configuration still produces higher lateral
stiffness than the previous cases with spirally slanted peri-
meter mega-columns. A similar study was conducted with
a 90-story twisted outrigger structure with setback vertical
mega-columns. By setting back the vertical mega-columns,
the maximum lateral displacement of the twisted 90-story
outrigger structure is increased by about 5 cm. Deformed
shapes of the 60- and 90-story twisted outrigger structures
with setback vertical mega-columns are shown in Figs. 4
and 5, respectively.

3. Tilted Outrigger Structures

Buildings have traditionally been constructed vertically,
orthogonal to the ground. When a building is found to be
tilted, it is typically an indication of some serious prob-
lems occurred to the building. Today, however, tilted buil-
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Figure 7. 60-story twisted outrigger structure with vertical
setback mega-columns: 3D image (left) and 2D section
(right) at the plane of outrigger trusses.

dings are intentionally designed and built to produce more
dramatic architecture, as are the cases with the Gate of Eu-
rope Towers in Madrid designed by Philip Johnson/John
Burgee, Veer Towers in Las Vegas by Helmut Jahn, and the
design of the Signature Towers in Dubai by Zaha Hadid.

The 60-story buildings are now tilted and designed with
outrigger systems to study the structural performance of
the system employed for tilted tall buildings. Fig. 8 shows
the straight outrigger structure and its four different tilted
versions. Design conditions, including the applied wind
loads, are the same as before. The second case is a tilted
case with no floor offset. While the 18x18-meter braced
core is kept vertical within the tilted building mass, the

building is tilted to its maximum angle of 4 degrees.
Therefore, on the left side of the building as seen in Fig.
8, the distance between the exterior fagade and the core
perimeter wall reduces from 18 meters on the ground to
0 meter at the top. On the right side, this distance increases
from 0 meter on the ground to 18 meters at the top. The
tilted form of this case is similar to that of the Gate of Eu-
rope Towers in Madrid or the Veer Towers in Las Vegas.

The third, fourth and fifth cases are tilted outrigger
towers with floor offsets of 12, 16 and 20 stories at both
the top and bottom, resulting in tilted angles of 7, 9 and
13 degrees, respectively. In these cases, the 18x18-meter
gravity cores are still kept vertical within the tilted building
mass. Tilted forms of these cases are similar to those of
the Signature Towers project for Dubai designed by Zaha
Hadid.

The outrigger trusses in tilted towers are now placed
approximately at a third and two third heights of the buil-
ding. For the optimum performance, the outrigger in a one
outrigger structure should be at about half height; the out-
riggers in a two outrigger structure should be at about one-
third and two-thirds heights; the outriggers in a three outri-
gger structure should be at about one-quarter, one-half, and
three-quarters heights, and so on (Taranath, 1998; Smith
and Coull, 1991). The locations of these outrigger trusses
are adjusted for enhanced constructability depending on
the offset locations of the tilted towers as can be seen in
Fig. 8. In the previous study on the twisted outrigger struc-
tures, the locations of the outriggers were also adjusted to
enhance constructability.

Structural design is performed for the straight outrigger
structure first to satisfy the maximum lateral displacement
requirement of a five hundredth of the building height. The
member sizes for the braced core and mega-columns of
the straight outrigger structure are also used for the tilted
outrigger structures, for preliminary designs. The outrigger
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Figure 8. 60-story tilted outrigger structures with tilted angles
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Figure 9. Lateral displacements of 60-story tilted outrigger
structures with tilted angles of 0, 4, 7, 9 and 13 degrees.

truss member sizes are adjusted according to the length of
the trusses. Overall, similar amount of structural materials
are used for the five cases studied.

Fig. 9 and Table 1 summarize the maximum lateral dis-
placements of the tilted outrigger structures in the direc-
tion parallel to the direction of tilting, when the wind load

of 0, 4, 7, 9 and 13 degrees.

is also applied in the same direction. It was found that
lateral stiffness of the tilted outrigger structures against wind
loads is greater than that of the straight outrigger struc-
ture. The tilted outrigger structures configured as shown in
Fig. 8 carry lateral loads more effectively because tilting
the tower results in triangulation of the major structural
components - the braced core, mega-columns and outrig-
ger trusses. As the angle of tilting is increased from 0 to
13 degrees, the geometry of the triangles, formed by the
major structural components, becomes even more effective
to resist the wind load, and, consequently, the wind-indu-
ced maximum lateral displacement of the outrigger struc-
ture is decreased. However, the gravity-induced lateral de-
formation is increased as the angle of tilting is increased.
This gravity-induced deformation could be managed sub-
stantially during construction if planned carefully.

4. Tapered Outrigger Structures

Compared with prismatic forms, tapered forms provide
many advantageous aspects for structural systems of tall
buildings. As has been discussed, for very tall buildings,
it is common that lateral stiffness requirements against
wind loads govern the structural design. The magnitudes

Table 1. Maximum lateral displacements of the tilted outrigger structures shown in Fig. 8

Tilted Angle Gravity-Induced Max. Wind-Induced Max. Combined Max.
(degrees) Lateral Displacement (cm)  Lateral Displacement (cm)  Lateral Displacement (cm)
Straight 0 0.0 478 47.8
0 F1 Offset 4 38.6 37.9 76.5
12 F1 Offset 9 427 34.6 77.3
16 F1 Offset 7 52.0 33.6 85.6
20 F1 Offset 13 53.9 34.6 88.5
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of lateral shear forces and overturning moments due to
lateral loads become larger toward the base of the building.
Consequently, greater lateral stiffness is required at lower
levels. Tapered forms provide greater lateral stiffness
toward the base because tapered forms naturally produce
greater structural depth toward the base.

Tapered forms also help reduce wind loads applied to
tall buildings. When a building is tapered, the exterior
surface area where the wind load is applied is reduced at
higher levels, and increased at lower levels. Since wind
pressure is greater at higher levels and lesser at lower
levels, the shear and overturning moments at each level is
decreased as the angle of taper is increased.

The 60-story outrigger structure is now tapered with three
different angles of 1, 2 and 3 degrees as shown in Fig. 10.
Since the building width at the mid-height is maintained
the same as the original straight tower, each building’s
gross area is identical regardless of the different angles of
taper. The size of the interior braced core at the center -
18x18 meters - is kept identical along the height of the
building, while the overall building form is tapered. There-
fore, the distances between the opposite side perimeter
mega-columns, which act as counteracting moment arms,
become greater towards the base, where greater overturn-
ing moments are exerted, and narrower towards the top.
This configuration helps increasing lateral stiffness of the
system. The length of the lower outrigger trusses, however,
becomes longer as the angle of taper is increased. In outri-

M- - M-

Figure 10. Tapered 60-story outrigger structures.

gger structures with multiple outriggers, the lowest outri-
gger induces the maximum resisting moment and the out-
riggers above carry successively less (Wu and Li, 2003;
Taranath, 1998). The increased length of the lower outri-
gger trusses reduces the stiffness of the trusses and conse-
quently adversely contributes to increasing the lateral stiff-
ness of the system. However, the increased stiffness based
on tapering the structure still governs the system’s overall
performance.

The maximum lateral displacements of the 60-story tap-
ered outrigger structures shown in Fig. 10 as well as sim-
ilarly configured and designed 80- and 100-story tapered
outrigger structures are summarized in Fig. 11. Lateral dis-
placements of outrigger structures are reduced as the angle
of taper is increased and the impact of taper becomes
greater as the building becomes taller.

5. Conclusions

Early design of tall buildings culminated with the emer-
gence of the International Style, which produced many
Miesian towers all over the world for decades. Today,
however, as is true of other building types, multiple design
directions are prevalent for tall buildings. This contempo-
rary design trend has produced various building forms,
such as twisted, tilted and tapered forms.

This paper studied lateral stiffness of outrigger struc-
tures employed for twisted, tilted and tapered tall build-
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Figure 11. Maximum lateral displacements of the 60-story
tapered outrigger structures shown in Fig. 10.

ings. When the outrigger system with perimeter mega-
columns is employed for twisted tall buildings, its lateral
stiffness is reduced as the rate of twist is increased. How-
ever, when the system is used for tapered tall buildings,
its lateral stiffness is increased as the rate of taper is inc-
reased. In tilted towers, the outrigger system’s lateral stiff-
ness is also increased due to the triangulation of the prim-
ary structural components of the system - braced core, out-
rigger trusses and perimeter mega-columns, while gravity-
induced initial lateral deformation becomes substantial.

The unique compositional characteristics of outrigger
structures provide great structural efficiency and aesthetic

potential for complex-shaped tall buildings. With abund-
ant emergence of complex-shaped tall buildings, including
twisted, tilted and tapered towers, more studies on their
structural systems and systems integration through multi-
disciplinary collaboration are very much required to cons-
truct built environments of higher performance.
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